Abstract: Estimating crop evapotranspiration under drought stress provides the theoretical foundation for optimizing irrigation schedule and reducing agricultural drought risk. Winter wheat water deficit plot experiments were conducted based on large-scale weighing lysimeters in the Huaibei Plain. The response of evapotranspiration to water deficit during several growth stages was analyzed; four crop coefficients were optimized and then evapotranspiration under drought stress was estimated with the dual crop coefficient method and the genetic algorithm. Drought stress not only reduced evapotranspiration during the current stage, but this influence was also transferred to the following periods. Evapotranspiration could basically return to the normal status after rewatering if the plant did not previously suffer from serious drought stress. Therefore, severe water deficit during continuous wheat growth periods should be avoided, and the deficit intensity during each stage should be controlled. The optimized K cb ini , K cb mid , K cb end and K c max were 0.32, 1.38, 0.33 and 1.39, and the root mean square error, mean absolute error, and mean relative error of the corresponding estimated evapotranspiration under drought stress were 22.83%, 25.36%, and 11.78% less than those using recommended coefficients, respectively. These optimized crop coefficients provide references for the practical application in the Huaibei Plain, this method for estimating crop evapotranspiration under drought stress can be applied to field circumstances and other regions.
Introduction
Winter wheat is one of the main food crops in Anhui Province, China, and its perennial cultivated area is greater than two million hectares, and that in the Huaibei Plain accounts for approximately 70% of the total area. Meanwhile, according to the division of wheat planting districts in China, the Huaibei Plain belongs to the Huang-Huai winter wheat district [1] , with a total annual yield of winter wheat that occupies approximately 8% of the national production; it is one of the most important winter wheat planting areas in China. However, the Huaibei Plain is located in a transitional zone of high and low latitudes with northern and southern climates [2] , and its spatiotemporal distribution of precipitation is uneven, which results in frequent agricultural drought disasters. Moreover, in recent years, the probability and degree of continuous drought from winter to spring have become significant [3, 4] . Therefore, deeply analyzing the response of winter wheat evapotranspiration to water deficit during several growth stages while accurately estimating the amount of evapotranspiration under drought stress is of great significance to formulating a reasonable irrigation program, improving water use efficiency and guaranteeing a high and stable yield of winter wheat in the Huaibei Plain [5, 6] .
Since the 1980s, many scholars have carried out studies on the response of crop evapotranspiration via deficit irrigation experiments and have achieved valuable results. Cabelguenne et al. [7] researched the water consumption and its influence on yield for different crops, and put forward schemes for optimizing irrigation measures. Li et al. [8] made comparisons for the water requirement of rice between full and deficit irrigation practices and proposed the influence factors of rice evapotranspiration under different irrigation conditions. Peng et al. [9] researched the water requirement for field crops under water-saving irrigation and found that a water-saving irrigation program that guarantees high yields drastically reduced the crop evapotranspiration. Sincik et al. [10] discovered that evapotranspiration notably increased as irrigation water increased during the soybean growth period. Chen et al. [11] studied the effect of water deficits on tomato evapotranspiration at a single growth stage. However, only a few studies have been carried out regarding the response of crop evapotranspiration to drought stress during several growth stages.
The estimation of crop evapotranspiration under different irrigation conditions has always been popular in the farming and irrigation field and has been a concern by scholars [12] [13] [14] . The dual crop coefficient method [6, 15] , which is an empirical model recommended by the Food and Agricultural Organization of the United Nations (FAO) for estimating crop evapotranspiration [16] , has been widely applied due to its easy operation, reliable precision and strong practicability, and it can separate evapotranspiration into crop transpiration and soil evaporation [17] . Currently, this estimation method is mainly used for estimating crop evapotranspiration without a water deficit [18, 19] ; however, because of the complexity of crop growth mechanism under water deficit situations, more studies should be further carried out regarding the estimation of crop evapotranspiration under drought stress in areas that frequently suffer from severe drought events, especially for drought stress during several crop growth stages [6, 20, 21] . Meanwhile, the basal crop coefficient (K cb ) in the dual crop coefficient method recommended by the FAO has been determined based on the environmental conditions in a typical growing region, which may not be applicable for all climatic characteristics and crop species in the world [16, 22] . Therefore, it is necessary to calculate the practical value of K cb according to actual meteorological data and irrigation experiment results for local crops in a research area. Similarly, due to the lack of specific crop irrigation experiment conditions and results, the maximum crop coefficient (K c max ) in the actual study region is difficult to precisely determine and it usually adopts the recommended value by the FAO when calculating crop evapotranspiration with the dual crop coefficient approach, which often results in a large deviation between the estimated and measured results [16, 23] . In this study, winter wheat plot experiments under different deficit irrigation conditions during combined growth stages based on large-scale weighing lysimeters were conducted in the Huaibei Plain to (1) analyze the response of winter wheat evapotranspiration to drought stress during several growth stages, (2) estimate winter wheat evapotranspiration without water deficit condition via the dual crop coefficient method and calibrate and verify the relevant crop coefficients based on a genetic algorithm (GA), and then (3) estimate winter wheat evapotranspiration under drought stress situations through optimized crop coefficients. This study aims to discuss the winter wheat evapotranspiration response to drought stress during multiple growth periods and the compensation mechanism that occurs after rewatering, and to establish an applicable method for estimating crop evapotranspiration under drought stress conditions in field circumstances.
Materials and Methods

Experimental Site
The experiments were conducted in plots at the Xinmaqiao Agricultural Irrigation Research Station, Water Resources Research Institute of Anhui Province, and the Huai River Commission, China, which is located in Bengbu, north of the Huai River (latitude 33 • 09 N, longitude 117 • 22 E, altitude 19.7 m) ( Figure 1 ). This research site has a typical northern subtropical and warm, temperate transition zone climate, with a mean annual precipitation of 910 mm, a mean pan evaporation of 916 mm, a mean temperature of 15.0 • C, a mean relative humidity of 73%, a mean sunshine duration of 1850 h and a mean frost-free period of 215 d. The annual precipitation is unevenly distributed over the years, and drought disasters are common in this area. The experiment was implemented from October (sowing on 17 October 2013) to May (harvest on 23 May 2014), and the actual daily climatic conditions during the winter wheat whole growth period are shown in Figure 2 . Figure 2 . 
Crop Management
The experiment for quantitatively studying winter wheat evapotranspiration under drought stress was conducted based on large-scale weighing lysimeters; the size of each lysimeter was 2 m (length) × 2 m (width) × 2.3 m (depth). The lysimeters were prepared in the basement, and each irrigation treatment was set on an experimental plot on the ground above each lysimeter ( Figure 1) ; the treatments were arranged randomly. Furthermore, there were 8 planting rows in each plot, and 13 g of wheat seeds were sown into each row. To ensure the germination of wheat seeds, the soil water content of the tillage layer in each plot was irrigated to field capacity after sowing with 240 g of compound fertilizer and 90 g of urea. The experimental soil was collected from a field tillage layer at this station and was typical Shajiang black soil from the Huaibei Plain. Its upper layer (0-50 cm) characteristics are shown in Table 1 . All experimental plots were placed in an open environment under a movable rain shelter that was closed when precipitation occurred (Figure 1 ). The soil water decreased with the winter wheat evapotranspiration and was supplied only by irrigation. Meanwhile, a 1.6 m width border between each plot was set to avoid the influence of lateral moisture migration. During the experimental period, with the exception of irrigation, other crop management practices, such as weeding and pest control, were the same for all experimental plot samples. T1  70% 1  55%  55%  70%  45%  T2  70%  45%  45%  45%  70%  T3  70%  55%  45%  55%  55%  T4  70%  55%  55%  70%  55%  T5  70%  55%  55%  55%  45%  CK  70%  70%  70%  70%  70% 1 This number represents the percentage of the lower limit of soil water content relative to field capacity.
Experimental Design
In this experiment, six irrigation treatments (five deficit irrigation treatments and one full irrigation treatment) were conducted (Table 2) , and there were three replications per treatment.
To assess and compare the influence of drought stress during several growth stages on winter wheat evapotranspiration, irrigation treatments with different water deficit levels at combined stages were designed. The treatments were implemented by setting different lower limits of soil water content in the experimental plots during different wheat growth stages. Based on the previous research [10, 24, 25] and years of crop deficit irrigation experiments in this station, three lower limits of soil water content were set, which corresponded to no water deficit (70% of field capacity), slight water deficit (55% of field capacity), and serious water deficit (45% of field capacity), respectively. Meanwhile, to reflect the response of winter wheat evapotranspiration to the process of water deficit, to be close to the irrigation mode in actual crop production and to guarantee wheat survival, plants were irrigated to field capacity once the soil water content dropped below the lower limit [11] . In detail, no water deficit, slight and serious water deficits were set up during several wheat growth stages and were referred to as T1-T5. No water deficit was set up throughout the whole growth period, which was referred to as CK ( Table 2 ).
Measurements
Meteorological Data
Wind speed at a height of 2 m, maximum and minimum air temperature, relative humidity and sunshine duration were measured by the automatic weather station at the site; these data were collected every 5 s and recorded in a data acquisition unit every 15 min.
Plant Height
The height of the winter wheat plant was measured by a flexible ruler approximately every 7 days after plant emergence, and the mean plant height during each growth stage was equal to the average of the measured results during that stage.
Evapotranspiration
Winter wheat evapotranspiration during the whole growth period was measured by large-scale weighing lysimeters (model QYZS-20, Xi'an Qingyuan Measurement & Control Technology Co., Ltd., Xi'an, China), with a measurement accuracy of 0.02 mm. The evapotranspiration data were automatically collected and recorded every hour by an information gathering system, and the daily evapotranspiration was equal to the sum during a 24-h period.
Soil Water Content
The soil water content at 0-40 cm in the experimental plot was measured via sampling and drying approximately every 7 days, and a higher frequency of sampling was utilized during the stage when the wheat water consumption became larger. The soil water contents at 40 cm, 60 cm and 80 cm were collected by a soil moisture sensor. Finally, the soil water content in the plot was equal to the average of those from 0 to 80 cm.
Irrigation Amount
Whether or not the wheat plant needed to be irrigated was determined by both the soil water content in the experimental plot and the lower limit of soil water content that corresponded to the irrigation treatment, and the irrigation amount was calculated using the following formula:
where θ FC represents the soil water content at field capacity (cm 3 cm −3 ); θ j−1 represents the mean soil water content in the experimental plot on day (j − 1) (cm 3 cm −3 ); Z r represents the effective rooting depth in the soil (m), which had a value of 0.8 m in this study; θ lm represents the lower limit of the soil water content for each irrigation treatment (cm 3 cm −3 ); and I j represents the irrigation amount in the plot on day j (mm). In this experiment, the winter wheat plants were irrigated to θ FC on day j when θ j−1 was lower than θ lm . The irrigation amount was controlled by a water meter at the head of the pipeline.
Yield Characteristics
Winter wheat seed yield and the aboveground biomass (stem, leaf and seed) of all plants in each plot were measured at harvest time, and four groups of 1000 seed weight was randomly selected and measured. Seed yield and aboveground biomass were both measured after drying in the sun.
Evapotranspiration Estimation by Combining the Dual Crop Coefficient Method with the Genetic Algorithm
Winter wheat evapotranspiration was estimated based on the dual crop coefficient approach as follows [14, 15] ET
where ET c represents the wheat evapotranspiration (mm); K c is the winter wheat crop coefficient; ET 0 represents the reference crop evapotranspiration (mm); K s is the soil water stress coefficient, which reflects the negative influence of soil water deficit in the root zone on crop transpiration and varies from 0 to 1 (K s is equal to 1 when the soil moisture does not affect the crop normal growth); K cb is the basal crop coefficient, which is the ratio of ET c to ET 0 when the surface soil layer is dry and the mean soil moisture in the root zone meets the water requirement for crop transpiration; and K e is the soil evaporation coefficient, which reflects the influence of increased soil evaporation during a short time on crop evapotranspiration that is caused by wet topsoil after irrigation or precipitation.
Reference Crop Evapotranspiration
Reference crop evapotranspiration was calculated by the FAO-56 Penman-Monteith equation [6] ET
where ∆ represents the slope of the vapor pressure curve (kPa • C −1 ); R n represents the net radiation above the crop canopy (MJ m −2 d −1 ); G represents the soil heat flux (MJ m −2 d −1 ); γ is the psychrometric constant (kPa • C −1 ); T represents the daily mean air temperature ( • C); u 2 represents the mean wind speed at a height of 2 m (m s −1 ); e s represents the saturation vapor pressure (kPa); and e a represents the actual vapor pressure (kPa).
Basal Crop Coefficient
Based on the linearized basal crop coefficient curve in FAO-56, the entire winter wheat growth period should be divided into four growth periods: the initial period, development period, midseason period and late season period. Then, three primary basal crop coefficients could be determined: K cb during the initial period (K cb ini ), K cb during the midseason period (K cb mid ), and K cb at the end of the late season period (K cb end ); the values of K cb during the development and late season periods were obtained via linear interpolation [16] . By combining relevant studies [5, 6] with the actual winter wheat growth situation in the experiment, these four periods utilized to construct the crop coefficient curve were divided. According to the suggestion of FAO-56 [16] , the values of K cb ini , K cb mid (sug) and K cb end under standard climatic conditions were 0.15, 1.10 and 0.30, respectively. However, because the value of K cb mid (sug) was greater than 0.45, and the mean minimum relative humidity (RH min ) during the winter wheat midseason period was not equal to 45%, and the mean wind speed at a height of 2 m (u 2 ) during that period was not equal to 2.0 m s −1 ; the value of K cb mid (sug) was adjusted according to the actual climatic conditions at this research station (Table 3) [15]
where K cb mid (adj) is the adjusted basal crop coefficient during the wheat midseason period according to actual climatic conditions at this station; h represents the mean plant height during that period (m). 
Soil Evaporation Coefficient
The evaporation from the soil among the wheat plants and the canopy was controlled by an acceptable level of energy in the surface soil and the evaporation capacity of the atmosphere. The soil evaporation intensity reached its peak after irrigation or precipitation, and it decreased when the surface soil layer dried. The soil evaporation coefficient was calculated as follows [15] 
where K c max is the maximum K c following irrigation or precipitation; f ew represents the fraction of soil that is fully saturated by irrigation or rain and is not covered by the wheat canopy; and K r is the reduction coefficient for soil evaporation, which is determined by the accumulated water depletion and was obtained as follows [15] 
where D e,j−1 represents the accumulated water depletion from the surface soil layer at the end of day (j − 1) (mm); REW represents the soil evaporation during the phase controlled by the atmosphere evaporation, which was 9 mm in this study [15] ; TEW represents the total available evaporation from the surface soil layer during a drought period (mm), which was calculated as follows [15] 
where Z e represents the effective depth of the surface soil layer (m), by combining the recommended value from FAO-56 [16] with the actual soil condition in the experiment, this value was 0.1 m in this study; and θ WP represents the soil water content at wilting point (cm 3 cm −3 ). K c max was obtained by the following formula [15] 
f ew was calculated as follows [15] 
where f w represents the fraction of the soil surface that is wetted by irrigation or rain, because the irrigation method in this experiment was flood irrigation, this value was 1.0 [16] ; f c represents the fraction of the soil surface that is effectively covered by canopy, it was estimated as follows [15] 
where K c min represents the minimum K c for dry soil without wheat plant cover, its value was 0.15 [15] . In the computational process for the soil evaporation coefficient, the accumulated water depletion from the surface soil layer at the end of day j, D e,j , was calculated based on the daily soil water balance in the surface soil layer [15] D e,j = D e,j−1
where P j represents the precipitation on day j (mm); RO j represents the precipitation runoff on day j (mm); E j represents the soil evaporation on day j (mm), and E = K e ET 0 [14] ; T ew,j represents the depth of wheat transpiration in the surface soil layer that is wetted and without canopy on day j (mm); and DP e,j represents the percolation through the surface soil layer on day j (mm). In this study, T ew was so small that it could be neglected [15] , P, RO and DP e were all equal to 0 due to the experimental controls.
Soil Water Stress Coefficient
The soil water stress coefficient was calculated by the following equation [6] 
where D r represents the accumulated soil water depletion in the winter wheat root zone (mm); TAW represents the total available soil water in the root zone (mm); and RAW represents the readily available soil water in the root zone (mm), where p was 0.55 in RAW = pTAW in this study [16] . TAW was estimated as follows [15] 
In the computational process of the soil water stress coefficient, soil water depletion in the wheat root zone on day j, D r,j , was calculated based on the daily soil water balance in the root zone [16] 
where CR j represents the capillary rise of soil moisture on day j (mm), but there was no groundwater supply in this experiment, CR was equal to 0; DP j represents the deep percolation from the wheat root zone on day j (mm), which was collected through a water pipe prepared in the basement and measured by a measuring cup.
Crop Coefficients Calibration Based on the Genetic Algorithm
A parameter optimization model was built based on the estimation of winter wheat evapotranspiration under full irrigation condition (CK) with the dual crop coefficient method. In detail, basal crop coefficients K cb ini , K cb mid and K cb end and maximum crop coefficient K c max were used as optimization variables. The sum of the absolute errors between the daily observed and simulated ET c in CK during 155 days served as an objective function; these days were randomly selected during each winter wheat growth stage. Then, a genetic algorithm (GA) [26] was applied to solve the objective function via programing in MATLAB (version R2014a, The Math Works Inc., Natick, MA, USA), and four crop coefficients were obtained. The specific solving process was expressed through Equation (15) . In addition, the observed ET c in CK during the remaining 64 days of the whole winter wheat growth period were used to verify the optimized crop coefficients, and then they were applied to simulate the wheat evapotranspiration under drought stress conditions.
where ET co,i represents the observed wheat evapotranspiration on the ith day, which was randomly selected for the calibration of the crop coefficients under full irrigation (mm); ET cs,i represents the simulated wheat evapotranspiration on the ith day with the dual crop coefficient method (mm); n represents the total number of days selected during each wheat growth stage, which was 155 in this study; and min K c and max K c represent the lower and upper limit values of the crop coefficient.
Error Index for Evaluating Simulation Accuracy
The root mean square error (RMSE) [19, 21] , mean absolute error (MAE) [19, 21] and mean relative error (MRE) [17, 19] were used to assess the applicability and accuracy of the aforementioned method for estimating winter wheat evapotranspiration. In addition, the smaller the values of RMSE, MAE or MRE, the less the error was between the observed and simulated ET c , and the stronger the applicability of the estimation method.
where m represents the number of wheat growth days in the process of evapotranspiration estimation. Figure 3 shows the variation in measured evapotranspiration (ET c ) under different irrigation treatments during each winter wheat growth stage. Due to different water deficit conditions during the current or previous stages, ET c at the same stage differed greatly.
Results and Discussion
Winter Wheat Evapotranspiration under Drought Stress Conditions during Several Growth Stages
There was no water deficit, slight, and serious water deficit at stage II in CK, T1 and T2, respectively, and their variation trends in ET c at this stage were basically consistent. However, the ET c in T1 and T2 was obviously less than that in CK, and the gap in T2 was larger than that in T1 ( Figure 3a) ; the ET c in T2 was 25.63% less than that in CK, and that in T1 was only 9.84%. Similarly, the ET c at stage III in T3 was 2.12% less than that in T5 (Figure 3b) , and the ET c at stage IV in T5 was 10.46% less than that in T4 (Figure 3c ). Under the same water deficit conditions during the previous stages, wheat evapotranspiration under drought stress during the current stage was lower than that under full irrigation, and the gap increased with deficit intensity. Therefore, water deficit during the winter wheat growth period reduced evapotranspiration; the more serious the deficit, the more significant the reduction. Our findings were consistent with Li et al. [8] and Chen et al. [11] , who studied rice and tomato evapotranspiration under deficit irrigation, respectively. The water status in wheat plant changed when it suffered from drought stress, which inevitably caused an alteration of its physiological function, such as the closure of leaf stomata and the restriction of leaf growth, which resulted in the reduction of evapotranspiration [8, 27] .
winter wheat growth period reduced evapotranspiration; the more serious the deficit, the more significant the reduction. Our findings were consistent with Li et al. [8] and Chen et al. [11] , who studied rice and tomato evapotranspiration under deficit irrigation, respectively. The water status in wheat plant changed when it suffered from drought stress, which inevitably caused an alteration of its physiological function, such as the closure of leaf stomata and the restriction of leaf growth, which resulted in the reduction of evapotranspiration [8, 27] . There were serious and slight water deficits at stage II in T2 and T3, and they both suffered from serious water deficit at stage III. The daily ETc at stage III in T2 was significantly less than that in T3 (Figure 3b) , and the ETc throughout stage III in T2 was 3.26% less than that in T3. Similarly, the ETc at stage IV in T3 was 3.61% less than that in T5 (Figure 3c ), and the ETc at stage V in T5 was 2.40% less than that in T2 (Figure 3d ). Under the same water deficit conditions during the current stage, the evapotranspiration of winter wheat, which suffered from drought stress during the previous stages, was lower than that with full irrigation; the more serious the drought intensity during the previous stages, the more significant the additional reduction in evapotranspiration during the current stage. In other words, the water deficit during the current wheat growth stage not only had a negative influence on evapotranspiration at this stage, but it also had a cumulative effect that transferred this influence to evapotranspiration at the following periods. If the soil moisture could not be supplied in time, drought stress would further alter or damage the physiological function of wheat; therefore, water deficit during continuous stages should be prevented as far as possible in its growth process.
There were slight water deficits at stages II and III and no water deficit at stage IV in T4, its daily ETc at stage IV was close to that in CK, which was under full irrigation throughout the whole growth period ( Figure 3c) ; the ETc at stage IV in T4 was only 3.25% less than that in CK. However, for T2, which was under serious water deficit at stages II, III, and IV and no water deficit at stage V, its ETc There were serious and slight water deficits at stage II in T2 and T3, and they both suffered from serious water deficit at stage III. The daily ET c at stage III in T2 was significantly less than that in T3 (Figure 3b) , and the ET c throughout stage III in T2 was 3.26% less than that in T3. Similarly, the ET c at stage IV in T3 was 3.61% less than that in T5 (Figure 3c) , and the ET c at stage V in T5 was 2.40% less than that in T2 (Figure 3d ). Under the same water deficit conditions during the current stage, the evapotranspiration of winter wheat, which suffered from drought stress during the previous stages, was lower than that with full irrigation; the more serious the drought intensity during the previous stages, the more significant the additional reduction in evapotranspiration during the current stage. In other words, the water deficit during the current wheat growth stage not only had a negative influence on evapotranspiration at this stage, but it also had a cumulative effect that transferred this influence to evapotranspiration at the following periods. If the soil moisture could not be supplied in time, drought stress would further alter or damage the physiological function of wheat; therefore, water deficit during continuous stages should be prevented as far as possible in its growth process.
There were slight water deficits at stages II and III and no water deficit at stage IV in T4, its daily ET c at stage IV was close to that in CK, which was under full irrigation throughout the whole growth period ( Figure 3c) ; the ET c at stage IV in T4 was only 3.25% less than that in CK. However, for T2, which was under serious water deficit at stages II, III, and IV and no water deficit at stage V, its ET c at stage V was 5.03% less than that in CK (Figure 3d) , which was higher than the reduced percentage in T4 relative to CK. Wheat evapotranspiration could basically return to the normal level via regaining full irrigation during the later growth periods if the plant did not suffer from serious drought stress at the previous stages, the influence of stress from the previous stages could be alleviated. This may reflect the ability for self-recovery of winter wheat. However, if the drought stress was serious, the physiological function of wheat may be irreversibly damaged, and the recovery result would not be desired. Therefore, reasonably controlling the deficit intensity during each winter wheat growth stage was vital for guaranteeing its recovery ability after rewatering, which provided a theoretical basis and practical guidance for formulating drought resistance measures. Li et al. [8] found that after rewatering, the water requirement intensity of rice was even larger than that under full irrigation. Peng et al. [9] pointed that the crop may generate adaptive ability in a temporary water deficit situation during its growth periods in the long process of evolution. Table 4 shows the winter wheat yield characteristics under different irrigation treatments. The water deficit negatively affected the seed formation, and the seed yield loss increased with the deficit intensity during wheat growth stages. This was consistent with the response of evapotranspiration. The seed yield in T1 was lower than that in T4, while it was higher than that in T5. In addition, the total seed weights in T2, T3 and T5 were relatively lower. Compared to CK, the seed yield was reduced by 14.9% in T2, which was the largest reduction among deficit irrigation treatments. It indicated that the continuous drought stress during several wheat growth stages severely obstructed the seed formation, and the compensation abilities of rewatering after continuous serious water deficit from the tillering stage (stage II) to the heading stage (stage IV) was less effective. Meanwhile, adequate water supply at the heading stage was vital for guaranteeing the seed yield. In addition, the seed yield in T3 was higher than that in T5; therefore, the influence of serious water deficit at the milk-ripe stage (stage V) on seed formation was greater than that at the elongation stage (stage III). Similarly, the aboveground biomass and 1000 seed weight under water deficit conditions were lower than that under full irrigation. The drought stress during wheat growth stages decreased the amount of dry matter accumulation and the quality of single seed. The aboveground biomass at harvest in T2 was the lowest, this was consistent with the differences in the total seed weight. However, the 1000 seed weight in T2 approached that in CK, this could be because that the serious water deficit at the heading stage decreased the seed number and the full irrigation at the milk-ripe stage ensured or promoted the single seed accumulation. The 1000 seed weight in T5 was the smallest, which was reduced by 9.0% compared to CK, this could result from the limited seed number and single seed size caused by continuous drought stress from the heading stage to the milk-ripe stage.
Winter Wheat Yield Characteristics under Different Irrigation Treatments
Estimation of Winter Wheat Evapotranspiration under No Drought Stress Condition
Based on the estimation of winter wheat evapotranspiration without water deficit via the dual crop coefficient approach, the objective function was established, as shown in Equation (15); the genetic algorithm (GA) was applied to solve this function and four crop coefficients were optimized. A total of 155 days of observed ET c samples in CK were used for calibration, and the remaining 64 days of samples were used for verification. The estimated ET c based on the crop coefficients optimized by the GA (GA-estimated ET c ) were compared with those using the coefficients recommended by the FAO-56 (FAO-56-estimated ET c ). The RMSE, MAE and MRE of the GA-estimated ET c during the phases of calibration and verification both reached a certain level of precision, and their values were all lower than those of FAO-56 (Table 5) . Winter wheat evapotranspiration under no drought stress condition could be accurately simulated by using the optimized crop coefficients; the estimated precisions improved compared with the results using the coefficients suggested by the FAO-56 in general. The optimized crop coefficients were reliable; therefore, the estimation of evapotranspiration under drought stress could be further carried out. Table 5 . Root mean square error (RMSE), mean absolute error (MAE) and mean relative error (MRE) of estimated winter wheat evapotranspiration under full irrigation using crop coefficients that were optimized by the genetic algorithm (GA) and recommended by the FAO-56.
Computational
Process [5] and Wang et al. [28] . The elongation stage (stage III), heading stage (stage IV) and milk-ripe stage (stage V) were the most vigorous development periods for wheat vegetative and reproductive growth, and the water requirement during these stages were large. However, during the later period of the milk-ripe stage, the leaves of wheat began to wilt and turn yellow, which resulted in the decline of plant transpiration intensity [28] . A total of 155 days of observed ETc samples in CK were used for calibration, and the remaining 64 days of samples were used for verification. The estimated ETc based on the crop coefficients optimized by the GA (GA-estimated ETc) were compared with those using the coefficients recommended by the FAO-56 (FAO-56-estimated ETc). The RMSE, MAE and MRE of the GAestimated ETc during the phases of calibration and verification both reached a certain level of precision, and their values were all lower than those of FAO-56 (Table 5) . Winter wheat evapotranspiration under no drought stress condition could be accurately simulated by using the optimized crop coefficients; the estimated precisions improved compared with the results using the coefficients suggested by the FAO-56 in general. The optimized crop coefficients were reliable; therefore, the estimation of evapotranspiration under drought stress could be further carried out. [5] and Wang et al. [28] . The elongation stage (stage III), heading stage (stage IV) and milk-ripe stage (stage V) were the most vigorous development periods for wheat vegetative and reproductive growth, and the water requirement during these stages were large. However, during the later period of the milk-ripe stage, the leaves of wheat began to wilt and turn yellow, which resulted in the decline of plant transpiration intensity [28] . The trends in simulated ETc during the whole growth period based on two types of crop coefficients both basically corresponded to the observed values, but the GA-estimated ETc was closer to the actual results. The GA-estimated ETc was larger than that of FAO-56 in general, especially after stage II (Figure 4) . FAO-56-estimated ETc at stages I, II, III, IV and V were 12.02%, 9.42%, 14.83%, 20.18% and 14.07% less than the measured results, respectively, and the RMSE, MAE and MRE at stages IV and V were relatively larger (Table 6 ). This indicated that there was a large deviation The trends in simulated ET c during the whole growth period based on two types of crop coefficients both basically corresponded to the observed values, but the GA-estimated ET c was closer to the actual results. The GA-estimated ET c was larger than that of FAO-56 in general, especially after stage II (Figure 4) . FAO-56-estimated ET c at stages I, II, III, IV and V were 12.02%, 9.42%, 14.83%, 20.18% and 14.07% less than the measured results, respectively, and the RMSE, MAE and MRE at stages IV and V were relatively larger (Table 6 ). This indicated that there was a large deviation between the actual results and the estimated ET c using the crop coefficients recommended by the FAO-56, and the estimated values were small in general, especially during the heading stage and milk-ripe stage. However, GA-estimated ET c during the four stages were all close to the measured values; only the value at stage IV was 6.48% lower. ET c during the whole growth period was only 6.02 mm less than the observed result. Compared with FAO-56, the RMSE, MAE and MRE of GA-estimated ET c at each stage were smaller, and those during the whole growth period were 43.48%, 43.75% and 24.70% lower, respectively (Table 6 ). This reflected that the estimated ET c using the crop coefficients optimized by the GA was closer to the actual values, and the estimated precision was significantly improved compared with the results that were based on the coefficients recommended by the FAO-56. Odhiambo and Irmak [29] considered that it was not suitable to estimate crop evapotranspiration by directly adopting the suggested crop coefficients. Lei and Yang [6] found that both the absolute and relative deviations between the observed and simulated evapotranspiration were quite large when the recommended coefficients were directly applied. Table 6 . Simulated wheat evapotranspiration (ET c ) under full irrigation using the crop coefficients optimized by the genetic algorithm (GA) and recommended by the FAO-56, and the corresponding root mean square error (RMSE), mean absolute error (MAE) and mean relative error (MRE). The crop coefficients which were recommended by the FAO-56 and optimized by the GA were compared. Compared with the suggested values, K cb ini , K cb mid and K c max optimized by the GA were obviously larger, and the K cb end was consistent (Table 7 ). Figure 5 shows the winter wheat crop coefficient curves during the whole growth period based on the suggested and optimized coefficients. The K cb and K e optimized by the GA were larger than those recommended by the FAO-56, and the trend in K cb was more obvious; therefore, according to Equation (2), the K c optimized by the GA were larger. This explained why the GA-estimated ET c were larger than those of FAO-56 in Figure 4 . This showed that the suggested winter wheat crop coefficients were smaller than the actual values in this plot experiment, which was consistent with the findings discovered by Su et al. [23] in North China and those by Wang et al. [28] in the arid area of Northwest China. The underestimated crop coefficients mainly caused the estimated crop transpiration to decrease, and also made the estimated soil evaporation to be lower than the actual results. Therefore, accurate crop coefficients that correspond to the actual situations in the research area are necessary for applying the dual crop coefficient approach to estimate crop evapotranspiration. However, in this experiment, the actual ET c in the entire plot was likely higher than that in field circumstances due to the oasis effects, which resulted from the dry bare soil borders between two plots (Figure 1) . Meanwhile, the crop coefficients suggested by FAO-56 were mainly applicable for field scale, which caused that the optimized coefficients based on the observed values and the corresponding simulation ET c were relatively larger than those of FAO-56. Therefore, there were differences between the optimized crop coefficients in this study and the actual results under field condition in the Huaibei Plain (the optimized ones could be relatively higher), but these values provided references for the practical production. Meanwhile, this estimation method could be applied to field circumstances when the field data were available. Figure 5 . Winter wheat basal crop coefficient and soil evaporation coefficient curves during the whole growth period under full irrigation recommended by the FAO-56 and optimized by the genetic algorithm (GA).
Growth
Estimation of Winter Wheat Evapotranspiration under Drought Stress Conditions
Winter wheat evapotranspiration during each stage under five deficit irrigation treatments were estimated based on the aforementioned four optimized crop coefficients using the dual crop coefficient approach, which were compared against the results based on the suggested coefficients. Figure 6 shows the observed and simulated daily ETc in T1. The GA-estimated ETc were closer to the measured values, and the FAO-56-estimtaed ETc were significantly lower than the observed results ( Figure 6 ). The GA-estimated ETc during the whole growth stage was only 0.42% higher than the measured value, while the FAO-56-estimated result was 10.86% lower (Table 8 ). Figure 7 shows the observed and simulated daily Kc in T5. The GA-estimated Kc fit well with the actual results in general, but its values from 71-141 days after sowing (stage II) were lower than the measured results, while the values from 141-211 days after sowing (mainly including stages III and IV) were higher than the observed results (Figure 7) . The trend in the FAO-56-estimated Kc was the same as that for GA, but its values were obviously smaller, which corresponded to the estimated ETc in T5 (Table 8) .
The RMSE, MAE and MRE of the GA-estimated ETc during each growth stage under five deficit irrigation treatments were all smaller than those of FAO-56. Meanwhile, the GA-estimated ETc during each stage were slightly higher than the actual values in general, while the FAO-56-estimated results were smaller than the observed values (Table 8) . From the perspective of the whole growth period, the average RMSE, MAE and MRE values of the GA-estimated ETc under five different drought stress conditions were 0.28 mm d −1 , 0.21 mm d −1 and 15.94%, respectively, which were 22.83%, 25.36% and 11.78% less than the corresponding values via FAO-56. In addition, the GA-estimated ETc during the 
Winter wheat evapotranspiration during each stage under five deficit irrigation treatments were estimated based on the aforementioned four optimized crop coefficients using the dual crop coefficient approach, which were compared against the results based on the suggested coefficients. Figure 6 shows the observed and simulated daily ET c in T1. The GA-estimated ET c were closer to the measured values, and the FAO-56-estimtaed ET c were significantly lower than the observed results ( Figure 6 ). The GA-estimated ET c during the whole growth stage was only 0.42% higher than the measured value, while the FAO-56-estimated result was 10.86% lower (Table 8 ). Figure 7 shows the observed and simulated daily K c in T5. The GA-estimated K c fit well with the actual results in general, but its values from 71-141 days after sowing (stage II) were lower than the measured results, while the values from 141-211 days after sowing (mainly including stages III and IV) were higher than the observed results ( Figure 7) . The trend in the FAO-56-estimated K c was the same as that for GA, but its values were obviously smaller, which corresponded to the estimated ET c in T5 (Table 8) .
The RMSE, MAE and MRE of the GA-estimated ET c during each growth stage under five deficit irrigation treatments were all smaller than those of FAO-56. Meanwhile, the GA-estimated ET c during each stage were slightly higher than the actual values in general, while the FAO-56-estimated results were smaller than the observed values (Table 8) . From the perspective of the whole growth period, the average RMSE, MAE and MRE values of the GA-estimated ET c under five different drought stress conditions were 0.28 mm d −1 , 0.21 mm d −1 and 15.94%, respectively, which were 22.83%, 25.36% and 11.78% less than the corresponding values via FAO-56. In addition, the GA-estimated ET c during the whole period were all higher than the observed values, the range was from 1.78-26.12 mm for all of the deficit treatments. In contrast, the FAO-56-estimated results were obviously lower than the actual values, and the range was from 25.57-45.93 mm (Table 8) . By comparing the estimation error results in this study with Wang et al. [28] and Odhiambo and Irmak [29] , winter wheat evapotranspiration under drought stress could be accurately estimated using the crop coefficients optimized by the GA, and the estimation precision significantly improved compared with the results based on the coefficients recommended by the FAO-56. Moreover, wheat evapotranspiration was obviously underestimated if the suggested coefficients were directly adopted, which could be due to that the crop coefficients recommended by FAO-56 were more suitable for field condition, and meanwhile the actual wheat evapotranspiration in this plot experiment was likely higher than that in field circumstances because of the oasis effects. This corresponded to the simulated results of wheat evapotranspiration under no drought stress when applying these two types of crop coefficients. crop coefficients recommended by FAO-56 were more suitable for field condition, and meanwhile the actual wheat evapotranspiration in this plot experiment was likely higher than that in field circumstances because of the oasis effects. This corresponded to the simulated results of wheat evapotranspiration under no drought stress when applying these two types of crop coefficients.
(a) (b) crop coefficients recommended by FAO-56 were more suitable for field condition, and meanwhile the actual wheat evapotranspiration in this plot experiment was likely higher than that in field circumstances because of the oasis effects. This corresponded to the simulated results of wheat evapotranspiration under no drought stress when applying these two types of crop coefficients.
(a) (b) Figure 8 shows the average values of the error index for GA-estimated ET c during each growth stage under five deficit irrigation treatments. The stages that the small values of each error index corresponded to were different; RMSE was consistent with MAE, as their values were small at stages I and II, while MRE was small at stages III and IV. The results under full irrigation condition were basically the same as those previously mentioned (Table 6 ). This was attributed to the property of error index; RMSE and MAE were applied to evaluate the error from the perspective of absolute measure [30] , which reflected the absolute amount of difference between the observed and simulated ET c . The values of RMSE and MAE at the seedling stage and tillering stage were relatively small, which was mainly because the daily ET c during these two periods were low. However, MRE was from the perspective of relative measure [30] , its values at the heading stage and elongation stage were relatively small, which was primarily because of their large daily ET c . Therefore, RMSE, MAE and MRE should be systematically considered when evaluating the simulated error. Figure 8 shows the average values of the error index for GA-estimated ETc during each growth stage under five deficit irrigation treatments. The stages that the small values of each error index corresponded to were different; RMSE was consistent with MAE, as their values were small at stages I and II, while MRE was small at stages III and IV. The results under full irrigation condition were basically the same as those previously mentioned (Table 6 ). This was attributed to the property of error index; RMSE and MAE were applied to evaluate the error from the perspective of absolute measure [30] , which reflected the absolute amount of difference between the observed and simulated ETc. The values of RMSE and MAE at the seedling stage and tillering stage were relatively small, which was mainly because the daily ETc during these two periods were low. However, MRE was from the perspective of relative measure [30] , its values at the heading stage and elongation stage were relatively small, which was primarily because of their large daily ETc. Therefore, RMSE, MAE and MRE should be systematically considered when evaluating the simulated error. Figure 9 shows the values of the error index for the GA-estimated ETc during the whole growth period under full irrigation treatment (CK) and five deficit irrigation treatments (T1-T5). The values of RMSE, MAE and MRE in CK were less than those in T1-T5, except for RMSE and MAE in T1, which indicated that the estimated ETc under drought stress conditions were not as good as those without water deficit in general when applying the dual crop coefficient approach. On the one hand, there were a fitting error and a verification error in CK, and there was only a verification error in T1-T5. On the other hand, due to the complexity of winter wheat growth mechanism under drought stress, it may be difficult to completely reflect the influencing processes of the drought stress during the current stage on the evapotranspiration during the current and following periods merely by the soil water stress coefficient. Therefore, it is necessary to further improve the dual crop coefficient approach based on a substantial number of crop water deficit experiments. Figure 9 shows the values of the error index for the GA-estimated ET c during the whole growth period under full irrigation treatment (CK) and five deficit irrigation treatments (T1-T5). The values of RMSE, MAE and MRE in CK were less than those in T1-T5, except for RMSE and MAE in T1, which indicated that the estimated ET c under drought stress conditions were not as good as those without water deficit in general when applying the dual crop coefficient approach. On the one hand, there were a fitting error and a verification error in CK, and there was only a verification error in T1-T5. On the other hand, due to the complexity of winter wheat growth mechanism under drought stress, it may be difficult to completely reflect the influencing processes of the drought stress during the current stage on the evapotranspiration during the current and following periods merely by the soil water stress coefficient. Therefore, it is necessary to further improve the dual crop coefficient approach based on a substantial number of crop water deficit experiments. 
Difference Analysis of Error Index for Evaluating Accuracy
Conclusions
Winter wheat water deficit plot experiments were conducted in the Huaibei Plain based on large-scale weighing lysimeters; the response of winter wheat evapotranspiration to drought stress during several growth stages was analyzed; four crop coefficients were optimized and then evapotranspiration under water deficit were estimated.
Drought stress reduced winter wheat evapotranspiration; the more serious the drought intensity, the more significant the reduction. Meanwhile, drought stress during the current stage not only had a negative influence on the evapotranspiration at this stage, but it also had a cumulative effect that transferred this stress to evapotranspiration at the following periods; therefore, water deficit during continuous winter wheat growth stages should be prevented as far as possible in its growth process. In addition, wheat evapotranspiration could basically return to the normal level after rewatering during the later growth stage if the plant did not suffer from serious water deficit at the previous periods; this may reflect the ability for self-recovery of winter wheat. However, if the stress was serious, its physiological function may be irreversibly damaged, and the recovery result would be not desired. Therefore, reasonable controlling the deficit intensity during each winter wheat growth stage was vital for guaranteeing its recovery ability after rewatering, which provided a theoretical basis and practical guidance for formulating drought resistance measures.
Four winter wheat crop coefficients in the dual crop coefficient approach were optimized by the genetic algorithm (GA) based on the estimation of evapotranspiration under full irrigation; the optimized coefficients corresponded to practical winter wheat growth in this plot experiment, and the corresponding estimated evapotranspiration were closer to the actual results. Winter wheat evapotranspiration under drought stress in this experiment was accurately simulated using the optimized coefficients, and the estimation precisions were significantly improved compared with the estimated results when applying the coefficients recommended by the FAO-56. However, there were differences between the optimized crop coefficients in this study and the actual values under field conditions due to the limitation and influence of the plot experiment-the optimization results could be slightly higher than those in a field. In conclusion, the optimized crop coefficients could be referenced when estimating winter wheat evapotranspiration in the Huaibei Plain. The method for estimating crop evapotranspiration under drought stress situations based on the dual crop coefficient 
Four winter wheat crop coefficients in the dual crop coefficient approach were optimized by the genetic algorithm (GA) based on the estimation of evapotranspiration under full irrigation; the optimized coefficients corresponded to practical winter wheat growth in this plot experiment, and the corresponding estimated evapotranspiration were closer to the actual results. Winter wheat evapotranspiration under drought stress in this experiment was accurately simulated using the optimized coefficients, and the estimation precisions were significantly improved compared with the estimated results when applying the coefficients recommended by the FAO-56. However, there were differences between the optimized crop coefficients in this study and the actual values under field conditions due to the limitation and influence of the plot experiment-the optimization results could be slightly higher than those in a field. In conclusion, the optimized crop coefficients could be referenced when estimating winter wheat evapotranspiration in the Huaibei Plain. The method for estimating crop evapotranspiration under drought stress situations based on the dual crop coefficient approach and the genetic algorithm was reasonable and reliable; it could be applied to field circumstances and other regions when the field data were available. 
